During embryogenesis, the ventral telencephalon gives rise to a remarkable variety of GABAergic cell types, from long-range projection neurons to locally-projecting interneurons.
INTRODUCTION
During cerebral development, a diverse ensemble of neurons originating from distinct germinal zones assembles to form local and long-range circuits. While excitatory (glutamatergic) pyramidal cells arise directly from the cortical primordium (pallium), inhibitory GABAergic neurons are derived from progenitor cells residing in the ventral telencephalon, primarily within the medial, caudal, and lateral ganglionic eminences (MGE, CGE, and LGE, respectively) [1] [2] [3] .
Each ganglionic eminence (GE) is thought to give rise to non-overlapping functional groups of inhibitory neurons in the adult, including both projection neuron (PN) and interneuron (IN) cell types [4] [5] [6] [7] . These cells are destined to populate a large number of divergent structures including ! 2! the cortex, striatum, globus pallidus, amygdala, and olfactory bulb. While a number of transcription factors have previously been shown to be critical for the development of inhibitory neurons [8] [9] [10] , currently our understanding of the comprehensive transcriptional trajectories that direct cell fates within these populations is far from complete. For example, it is not known when fate restricted cardinal cell classes emerge during early cell differentiation, or by what genetic logic they are organized. Bulk RNA-sequencing does not allow for the resolution of cell type heterogeneity because it can only provide a population average 11, 12 . The advent of singlecell RNA sequencing (scRNA-seq) and associated computational methods has been transformative for resolving developmental heterogeneity 13, 14 , particularly with new massively parallel technologies for transcriptomics 15, 16 . Here we use Drop-seq to generate an unbiased view of the transcriptional landscape present in thousands of individual progenitor and precursor cells within the GEs and their subsequent developmental trajectories.
Transcriptional profiling of GE cells.
We manually dissected the MGE, CGE and LGE of E13.5 (MGE) and E14.5 (CGE, LGE) wild type mouse embryos, including the ventricular zone (VZ), subventricular zone (SVZ) and adjacent mantle zone (MZ) within each eminence (Fig. 1a) . These embryonic stages correspond to periods of abundant neurogenesis within each of these structures [17] [18] [19] [20] . After cell dissociation, we utilized Drop-seq 15 to sequence the transcriptomes of 10,123 single cells from the MGE, 11,956 from the CGE, and 14,658 from the LGE, using three independent biological replicates for each eminence. We first regressed out confounding sources of technical variation between single cells, including sequencing depth and library complexity (Supplementary Methods). We then used a curated gene set 22 to define a cell-cycle score for each cell in the dataset, allowing the assignment of a mitotic (M, S, G-phase) or postmitotic status (cell cycle score near zero) to every cell (Extended Data Fig. 1 ). This enabled us to perform latent variable regression to mitigate heterogeneity resulting from cell-cycle state, so that the downstream analysis would not be dominated by mitotic phase-specific gene expression 23 .
To identify distinct groups of cells in our data, we applied a graph-based clustering algorithm after non-linear dimensional reduction with diffusion maps 24 . We identified small populations of excitatory neurons (Neurod6 2.6% of cells) and epithelial cells (Igfbp7; 0.7% of cells) (Fig. 1b) , both of which were excluded from further analysis. The remaining 96.7% of cells were GE-
derived progenitors, many of which expressed GABAergic neural precursor marker genes (e.g., Dlx1; Fig. 1b ). To our surprise, diffusion map analysis did not identify discrete clusters of progenitors corresponding to each eminence. Rather, the transcriptional heterogeneity of mitotic progenitors was distributed across a continuous developmental landscape (Fig. 1c) .
Supporting this observation, the expression of early, intermediate, and late marker genes was strongly associated with the top diffusion map coordinates (Fig. 1c) . In addition, we obtained the same result using principal component analysis (Extended Data Fig. 2 ).
To establish a quantitative temporal account of differentiation programs within each eminence,
we implemented an unsupervised procedure to 'order' single-cells based on their expression profiles. After calculating the diffusion map coordinates (DMC), we fit a principle curve through the resulting point cloud which summarizes the best path through this continuous landscape of differentiation 25 . We hypothesized that each cell's projection onto this curve therefore represents its progression along a continuous developmental trajectory (Fig. 1d) . We validated the resulting maturation trajectory (MT) with multiple independent supervised analyses. First, we observed that cells early in the MT were mitotic, based on their previously calculated cellcycle scores ( 
A uniform sequence of gene expression in mitotic progenitors
To explore the dynamics of gene expression in the early stages of maturation, we computationally isolated mitotic progenitor cells using cell-cycle scores and the MT (Fig. 1e ).
We then identified the sequential patterns of gene expression characterizing the initial stages of cell differentiation in all three eminences (Extended Data Table 1 ). Using mutual information to discover genes whose expression was dynamic across the MT, we found three robust and highly reproducible sequential waves of gene expression (Fig. 2a) . These roughly correlated with the spatiotemporal progression from the VZ to the MZ (Extended Data Fig. 3 ) and validated the sensitivity of our approach. The transcriptional waves corresponded with known transitions between developmental stages, as cells transited from expressing self-renewing proliferative genes (e.g., Fabp7, Nes, Hes1 and Notch1), to proneuronal genes (e.g., Ascl1 and Olig2), to neurogenic genes (e.g., Dlx1, Dlx2, and Dlx6, and Arx; Fig. 2b ). The unsupervised reconstruction of the MT confirms the ordering of numerous genetic pathways (Fig. 2b ). For instance, we found that Ascl1, a transcription factor known to trigger cell-cycle exit and to promote differentiation 31 , is one of the first genes to be upregulated in the second wave. Its upregulation is followed by some of its well-known targets, including the genes encoding the Notch ligand Dll1 32 and the homeobox gene Dlx1 33, 34 (Fig. 2b) . Thus, MT enables numerous genes to be placed with precision into a framework of a large number of developmentally regulated genes, many with yet unknown roles in neurogenesis. To our surprise, during development the vast majority of dynamically expressed genes followed a similar temporal sequence across all three eminences ( Fig. 2a-b) . This indicates that a common developmental program consisting of hundreds of genes uniformly directs the early mitotic stages of inhibitory neurogenesis. Notably, we obtained nearly identical results when we computed the trajectories for each GE independently (Extended Data Fig. 4 ).
The GEs are known to produce largely non-overlapping populations of inhibitory neurons, which can be clearly distinguished by subtype specific gene expression in adults 35, 36 . Ebf1, Dlx5, Zic1, and Crebzf ( Fig. 2c-d ). While these genes were differentially expressed even in the earliest progenitors, their temporal dynamics spanned the range of MT, with markers peaking both early (e.g. Nr2f1; CGE), and late (e.g. Lhx6; MGE). These genes and their maturation dynamics were largely consistent with ISH data (Extended Data Fig. 5 ). Taken together, our data supports a model where a small number of differentially expressed determinant factors controls eminence-specific subtype development and gradually directs divergent transcriptional programs.
Divergence of developmental programs
While we observed striking evidence for a universal MT traversed by mitotic cells, we next asked when cells diverge from this common developmental program. Using a bootstrapped minimum spanning tree (MST) approach (Fig. 3a) to detect potential fate bifurcations, we found that soon after cells became postmitotic the MT progressively divided into three branches ( Fig.   3b ; Supplementary Methods). We assigned cells to branches by traversing the final MST and annotating major splits (Fig. 3a, c) . To identify ensembles of transcription factors that were expressed specifically within individual branches, we performed pairwise differential expression tests between branches (Extended Data (Fig. 3d-e ) 43 . These results provide evidence that after cell cycle exit, postmitotic cells from the GEs split into one IN and two PN branches. Notably, we saw no evidence for this bifurcation occurring in cycling progenitors, even when applying a supervised analysis with branch-dependent genes (Extended Data Fig. 6 ).
By E18.5 the majority of cells derived from the GEs have migrated either into the developing cortex or into distinct subcortical forebrain structures 44 . The vast majority of GE-derived neurons in the cortex ultimately become INs, whereas the majority of GE-derived neurons in subcortical brain structures become PNs 4, 5, 7, 44 . Therefore, using a Dlx6a:Cre fate mapping strategy to collect GE-derived cells from the cortex and subcortex at E18.5, it is possible to enrich for interneurons and projection neurons, respectively. This allowed us to confirm that the ! 6! postmitotic branching we observed within the GEs reflects a split into IN and PN precursor cells. We trained a k-nearest-neighbor classifier to assign branch identity based on gene expression within the eminences, and applied this to our E18.5 cortex and subcortex data ( Fig.   3f ; Supplementary Methods). Consistent with our hypothesis, the majority of Dlx6a:Cre;Ai9 positive cells from the cortex mapped to branch 1, while the majority of Dlx6a:Cre;Ai9 positive cells from the subcortex mapped to branches 2 and 3 (Fig. 3g) . Taken together, these results indicate that soon after GE cells become postmitotic, cardinal cell-classes emerge that likely represent IN and PN precursors.
We next sought to elucidate the underlying genetic logic of how each GE contributes to the generation of these cardinal cell-classes by determining their respective contributions to the three branches in our MST plot. Strikingly, each of the three resultant branches was composed of postmitotic cells from all three GEs (Fig. 3h-i) . These results indicate that transcriptionally defined developmental branches demarcate the segregation of progenitors into IN and PN cardinal classes common to all GEs.
To search for further heterogeneity, we excluded the trunk and focused on the 3 branches, which represent the most differentiated GE cells at this time point. We then jointly clustered these cells using bootstrapped community detection (Supplementary Methods) and uncovered sources of heterogeneity that were highly reproducible across bootstraps, but below the cutoff for branch detection. This analysis reliably recapitulated the division of cells into three broad branches, but additionally, revealed that each of the three branches also contained multiple cell clusters (Fig. 4a-b) . Strikingly, clusters within each branch were composed of cells from all three GEs (Fig. 4c) , providing further evidence that the GEs produce common cardinal classes.
Previous studies provide evidence that after becoming postmitotic, GE progenitors begin to restrict their fate potentials 45 . To test if the cardinal classes present at E13.5/E14.5 prescribe the heterogeneity found later in development, we applied our clustering procedure to the E18.5 cortical and subcortical datasets (Extended Data Fig. 7) . We then used a k-nearest-neighbor classifier to assign E18.5 neurons to each of the distinct cardinal cell-clusters identified at E13.5/E14.5 (Fig. 4d) . The majority of neurons from each E18.5 cluster could be assigned to a single E13.5/E14.5 cluster. Conversely, each E13.5/E14.5 cluster gave rise to one or more
clusters within the E18.5 populations (Fig. 4e-f ). These results demonstrate how fate restricted cardinal classes that exist within the GEs diversify with time to create further heterogeneity.
DISCUSSION
Our data reveals the transcriptional framework underlying the emergence of neuronal identity within the ventral forebrain. To our surprise, rather than finding evidence for distinct progenitor cell types 46, 47 , we found a high degree of transcriptional similarity among all early mitotic cells.
As progenitors became postmitotic, our unsupervised approach revealed the emergence of a common set of cardinal classes within all three of the GEs marking the onset of cell type differentiation and specialization.
Instead of using candidate marker-based enrichment strategies to deconvolve heterogeneous populations, we took an unbiased strategy to comprehensively sequence GE cells and reconstruct their developmental trajectories. By performing low-coverage sequencing of tens of thousands of cells, our approach also prioritized breadth over a depth-based strategy, where small numbers of cells would be sequenced at very high coverage. Recent studies 21 have demonstrated that a breadth-based strategy as facilitated by Drop-seq is significantly more powerful for resolving cell types in complex tissue. Our precise and highly reproducible MT and branch detection demonstrate that droplet-based methods can reconstruct developmental processes as well. While we cannot preclude that deeper coverage, or more cells, would reveal additional sub-structures, it is clear that the prevalent sources of transcriptional heterogeneity within early development are common to all GEs.
While our unsupervised approach is very effective at detecting cardinal populations with highly correlated gene expression, it will not allow us to identify divergent populations that are driven by a single gene. Our findings support a model where a small number of differentially expressed genes work in concert with a common developmental program. These differentially expressed genes act as determinant factors to seed eminence-specific fates. This is consistent with the ability of single genes, such as Nkx2-1 and Zeb2 48, 49 , to act as master regulators.
Previous work studying the genesis of inhibitory cells in the ventral forebrain has indicated a role for birthdate, germinal zone of origin, mode of division, and lineage in shaping cell fate.
The need to consider these factors in the context of our analysis is also evident. For instance, while our analysis revealed three branches within the postmitotic cells derived from each GE, branch 2 from the MGE contained notably less cells. This likely reflects the fact that PNs from the MGE are largely born prior to E13.5 38 . Further studies will be needed to determine how relates to their ultimate role within distinct neural circuits. Regardless, our results suggest that the common attributes of neural precursors that ultimately differentiate to participate in distinct circuits far outstrip their differences. As such, evolution has allowed the breadth of computational circuits within the brain to flourish exponentially.
